New results of photon echo, line shift and resonance light-scattering experiments on aggregates of pseudoisocyanine bromide are reported and discussed. The temperature-dependent homogeneous width and shift of the J-band can be explained with a linear exciton-phonon scattering model. It is also shown that between 50 and 200 K, the aggregate's radiative lifetime is roughly proportional to the homogeneous width of the J-band. This finding is discussed on the basis of a recent theory that relates the aggregate's radiative lifetime to its optical dynamics. Resonance light-scattering experiments show that the earlier noted discrepancy between the low-temperature photon echo and radiative lifetime cannot be due to a dynamical effect.
Introduction
Ever since the discovery of Scheibe [ 
and Jelly
[ 21 that concentrated solutions of the dye-molecule pseudoisocyanine (PIC) exhibit a sharp red-shifted absorption at 573 nm, named J-band, this band has been the subject of many spectroscopic investigations. From the early days on, it was recognized that the remarkable red-shift of the absorption was due to excitation delocalization over molecules that had formed an aggregate. Scheibe [3] was the first one to show that the optical spectrum of these aggregates in streaming solutions is strongly polarized with respect to the stream direction from which he concluded that these aggregates have thread-like structures. Using an excitonic model including moderate vibronic coupling, Scherer and Fischer [4] succeeded in simulating the aggregate's optical spectrum assuming the aggregate to be a linear chain with two molecules per unit cell. In this model, the redshifted absorption is assigned to the dipole-allowed transition at the bottom of the band. Knapp [ 51 showed that the unusual sharpness of the transition in solution results from motional narrowing,
In the last decade, steady progress has been made in the understanding of the subtleties of the aggregate's optical dynamics in solution [ 6 ] and in the condensed phase [ 7-91. For instance, it was demonstrated [6] that the conflicting reports about the aggregate's excited-state lifetime was mainly due to the use of too high excitation intensities, which leads to a measured lifetime that is dominated by exciton annihilation. Recently it was shown [lo] #I that the radiative lifetime of the exciton on the PIC aggregate is temperature dependent; it increases from 70 ps at low temperature to about 1 ns at 200 K, approaching the monomer's radiative lifetime of 3.7 ns [ 111, A similar effect has been observed for Wannier excitons in GaAs/GaAlAs quantum-well structures and was attributed to dephasing-induced localization of the exciton [ 121. An alternative interpretation of this lifetime-lengthening effect was put forward by Mukamel and coworkers [ 13,141, who showed that dephasing is directly in competition with the imaginary part of the dipolar coupling that leads to superradiant decay of the exciton on the aggregate.
In this Letter we report new results of optical experiments on the J-aggregate of PIC bromide in an ethylene/glycol glass that bear on the question of how the aggregate's superradiant lifetime and dephasing are related. We also report and discuss the first re-" Because of a calibration error the reported absorption wavelengths ofthe excitonic origins in this paper are incorrect. The correct absorption line positions are given in this paper (sec- 
Results and discussion

Homogeneous linewidth and line shij oithe red J-band 2. Experimental
Pseudoisocyanine bromide (PIC-Br) was purchased from Exciton Chemical Company and used without further purification. Sample preparation and handling has been described in detail in a previous paper [lo] .
Accumulated photon echo and fluorescence lifetime measurements were performed as described earlier [ 9, lo] . Resonance light scattering (RLS) experiments were performed using a R6G dye laser pumped by an argon-ion laser operating on all lines. The output of the dye laser was made narrow-band by insertion of a Lyot filter and an etalon in the cavity, resulting in a spectral width of x0.5 cm-'. The light-scattered spectrum was collected at right angles with the exciting laser beam, using a Spex 1402 double monochromator and a RCA C3 1034A-02 singlephoton counting tube. Typical resolution under experimental conditions was 1.0 cm-I. To obtain the ratio of the yields of fluorescence and Raman scattering of the aggregate, first, the relative Raman yields of the 607 cm-l vibrational mode and the triplet of modes near 1370 cm-' were determined. Second, the Franck-Condon factor of the origin transition was determined from the emission spectrum at 91 K, shown in fig. 4 , and calculated to be 0.988 f0.003. Finally, the relative yield of the dephasing-induced emission at the origin versus the Raman yield at the marker modes (607 and 1370 cm-') was determined as a function of temperature. From these measurements, one can calculate the desired ratio of the total yield of vibronic fluorescence and Raman as a function of temperature.
Absorption spectra were calibrated using a mercury lamp. Above 100 K the homogeneous linewidth was determined by convoluting the low-temperature absorption spectrum (1.5 K) with a Lorentzian. Good quality tits were obtained with this procedure, indicating that the assumption of a temperature-independent inhomogeneous lineshape function holds in the temperature range between 100 and 200 K. Fig. 1 shows the absorption and emission spectra of a PIC bromide aggregate in an ethylene glycol/ water glass at 1.5 K in the region of the origin. The sharp features at 570.2 and 576.1 nm were previously assigned [ 7, lo] to the dipole-allowed transitions of two structurally different aggregates. With other halides (Cl-or I-), similar spectra have been found [ 81, and for all systems, the intensity ratio of both sites depends on the type of counterion and sample cooling speed. As fig. 1 shows, a very noticeable feature of the spectroscopy of these aggregates is that the emission is completely resonant with the origin absorption for both species. At higher energy (not shown in fig. 1 ), the absorption spectrum is rich in vibrational structure [ 3, 4] . The atom-like In this Letter we report on the dynamics of the red excitonic transition which occurs at 576. I nm at 1.5 K. Similar results have been obtained for the blue site. Fig. 2 shows how the homogeneous width and line position of the red J-band changes as a function of temperature between 1.5 and 200 K. As the glass transition occurs above 200 K, the physical length of the aggregate remains constant in this temperature range. Preliminary measurements of the homogeneous width of the J-band below 80 K were reported earlier [ 7 ] and are in good agreement with current results. In a previous paper on the subject [ 71, no definitive conclusion could be drawn concerning the question whether exciton-phonon or exciton-tunnelon coupling is the cause of dephasing. In this paper we show that only exciton-phonon coupling can account for the observed temperature dependence of both the homogeneous width and the shift of the J- Davydov [ 161 has shown that generally two types of exciton-phonon interactions must be considered: the first one relating to a phonon-induced modulation of the intermolecular resonance interaction; the second one caused by phonon modulation of the van der Waals shift term. As the J-aggregate's emission and absorption spectra perfectly coincide in the temperature range of our experiments, the excitonphonon coupling term relating to local lattice distortion can be disregarded. When in addition the exciton-phonon coupling is small, Davydov argued that its effect on the exciton dynamics can be described in terms of elastic and inelastic scattering of excitons through the band. This phonon-induced excitonscattering process leads to both a temperature-dependent linewidth and shift of the excitonic transition, Several authors [ 16-181 have shown that the frequency-dependent homogeneous width r(k, w) and shift d(k, w) take the following form for the case of linear exciton-phonon coupling:
Here F,(k, q) is the exciton-phonon interaction matrix element for an exciton with wave vector k and a phonon of branch s with wave vector q. tiqS is the thermal (Bose-Einstein ) occupation number for phonons, E(k+q) is the energy of the exciton after scattering, and Q(q) is the phonon energy. N is the number of molecules that are coherently coupled and P in eq. ( lb) denotes the principal value. The terms in eqs.
( 1) containing the factor fqS (Fess+ 1) describe absorption (emission) of a phonon by the exciton with wave vector R. When higher-order exciton-phonon processes are taken into account, the expressions for r( k, w ) and d (k, w ) become more complex but again the exciton's homogeneous width and shift are related to exciton-phonon scattering processes. For PIC the optically allowed level is at the bottom of the band. This fact eliminates phononemissioncontributions to the homogeneous width of the excitonic transition (the second term in eq. ( la)). For the line shift, as eq. ( lb) shows, all exciton-phonon scattering processes contribute, and the second term in eq. ( lb) is always of importance. The dotted lines in fig. 2 are simulations to our data based on the first terms in eqs. ( la) and (lb). In the case of the homogeneous linewidth, three phonons of 9 cm-' (0.3 cm-'), 305 cm-' (153 cm-') and 973 cm-' (49500 cm-' ) are needed to fit the data. The numbers between parentheses represent the values of the coupling parameters I F(k, g) I * for these modes. The value of the low-frequency mode reported here is very similar to the one reported earlier [ 7 1. The line shift up to 135 K can be simulated using one phonon with a frequency of 100 cm-' and a coupling strength of 7 1 cm-I. The saturation of the shift observed above 135 K, however, cannot be explained using one active phonon. This is subject to further investigation. Our low-temperature line-shift data are not accurate enough to probe the effect of a low-frequency phonon. The low-frequency phonon is either associated with a librational mode, as suggested earlier [ 71, or with an acoustic phonon on the chain; the high-frequency phonons, most likely, correspond to molecular vibrations. Previous work on excitonic systems [ 18, 19 ] has shown that definitive assignments are difficult to make. However, these tits do show that exciton-phonon scattering processes can account for both the homogeneous linewidth and shift of the J-band and that other bath degrees of freedom, as, for instance, tunneling modes of the glass [ 201, are irrelevant to the exciton dynamics.
It is interesting to compare our analysis of the homogeneous width of the J-band with that of Hirschmann and Friedrich (HF) [ 15 1. The most striking difference between their results for PIC iodide in the temperature range of 0.3 to 80 K, and ours for PIC bromide between 1.5 and 200 K, concerns the value obtained for the low-frequency phonon: 27 cm-' for iodide and 9 cm-' for bromide as counterion. We suggest that this discrepancy arises from (i ) the fact that HF analyze the total homogeneous width rather than its pure dephasing part that we consider and (ii) the use of Boltzmann instead of the more appropri-532 ate Bose-Einstein phonon occupation numbers by HF. Furthermore, we obtain the low-frequency phonon from an analysis of the temperature dependence of the pure dephasing time below 50 K as shown in the insert of fig. 2 . In this temperature range, the effect of the high-frequency phonons is negligible. The frequency of the phonon determined in this manner is then held fixed in the simulation of the higher-temperature homogeneous linewidth data shown in fig. 2 . Finally, we attach no significance to the differences obtained for the high-frequency phonons in the work of HF and ours. This discrepancy may be caused by the fitting procedure and by the fact that our measurements extend to much higher temperature. Available data thus provide no evidence for a noticeable effect of the counterion on the exciton dynamics in the J-aggregate. above 50 K is about propo~ional to the homogeneous width of the excitonic transition. Below 50 K, the radiative lifetime of the exciton is constant. Knoester [ 2 11 has recently derived an expression for the fluorescence decay of cyclic homogeneous aggregates, using a super-radiance master equation [ 221 to describe the coherent exciton dynamics. In order to account effectively for incoherent exciton-phonon scattering, a dephasing term is added to this master equation. The eigenmodes of the coherent evolution are the Frenkel excitons and the dephasing induces a communication between excitons with different wave vectors. In contrast to other theories using this approach [ 13, 14, 23] , the aggregate's initial state has been assumed to be thermally equilibrated over the exciton band, as a result of fast relaxation following excitation in the vibronic band. For the cyclic aggregate, only one exciton has a dipole-allowed transition to the ground state: the k=O exciton, which for PIC lies at the bottom of the band. The radiative decay of the initial population of higher exciton states can only occur through scattering to the dipole-allowed state. In the low-tem~rature limit, where exciton-phonon scattering is negligible, this theory predicts the well-known superradiant decay rate of NY, [ 7, 13 ] , where N is the number of coupled molecules and yr the monomer's radiative rate. In the high temperature limit, where the scattering between the different k-states is fast enough to maintain thermal equilibrium at all times and the pure dephasing rate exceeds by far A$, the fluorescence intensity is found to be
Superradiant emission and aptical dephasing of the red excitonic state
Heref(k, T) is the thermal (Boltzmann) population of the aggregate's Frenkel exciton with wave vector k and the summation extends over all k in the first Brillouin zone, so that zf(k, 2") is the partition function of the exciton band. Es. (2 ) can be easily understood from the fact that in the limit of fast scattering, the k=O state forms the bottleneck in the emission process. For T-tco, this equation predicts the aggregate's fl uorescencc lifetime to converge to the monomer's. Feldmann et al. [ 12 ] have recently proposed a similar expression for the radiative lifetime of free excitons in G~s/GaAlAs quantum wells. Their basic assumption is that dephasing induces a localization of the exci~tion resulting in a spread of the oscillator strength over many exciton states. Our viewpoint is that such a localization can only be caused by inhomogeneities within the aggregate and not by homogeneous dephasing. Nevertheless, in the limit where the homogeneous width is much less than the thermal energy (k&C), the fluorescence lifetime found in ref.
[ 121 agrees exactly with eq. (2). In this experimentally important regime, the thus predicted lifetime is for a two-dimensional excitonic system proportional to the temperature. This behavior was indeed observed for the free excitons in GaAsf GaAlAs quantum wells [ 121. However, calculations show that application of eq. (2) to a linear chain does not at all account for the observed fluorescence lifetime in PIC shown in rig. 3. The data can be fit to eq. (2) for a density of states (DOS) that increases roughly exponentially with energy above the bottom of the exciton band; for a one-dimensional aggregate, with nearest neighbour interactions, the DOS is inversely proportional to the square root of the exciton energy. We cannot offer an explanation for the DOS suggested by our expe~ments but point to the possible importance of vibronic bands in this matter. It should also be noted that the full theoretical expression for the fluorescence intensity, which is also valid at intermediate temperature, predicts (in its simplest form) a biexponential decay [ 2 I] . This is a natural consequence of the competition between two kinetic mechanisms: the radiative decay of the k=O exciton state and the phonon-induced scattering between different excitons. In our experiments, however, we have found mon~xponential fluorescence decay at all tempemtures.
Clearly, more research is needed to understand the temperaturedependent fluorescence of PIC aggregates. Experimentally, a direct determination of the relevant density of states would be of great interest. Theoretically, the role of inhomogeneities in addition to homogeneous dephasing deserves more attention [ 231. Furthermore, the effect of librational and vibrational degrees of freedom on the density of states should be studied. The latter calls for a more microscopic starting point, in which one explicitly accounts for vib~tions, instead of pe~o~ing a thermal average over them (cf. eqs. ( 1) )_
Resonance light scattering spectra of the Jband
It is well known that RLS can provide information on the molecular dynamics in condensed phases [ 24,25 1. One of the major results of a theoretical analysis of RLS for a Markovian two-level system is that on resonance the ratio R,,, between the yields of fluorescence and Rayleigh scattering is given by 2T, / Tt [24, 25] , where T, is the population relaxation time and T; the pure dephasing time. It has also been shown [ 26,271 that for a multi-level system, the same relation holds for the ratio of fluorescence versus Raman. The fluorescence of the system is induced by pure dephasing processes while the Rayleigh/Raman scattering results from a coherent excitation process whose efficiency does not depend on temperature. Especially for systems where the excited state's lifetime is relatively short, RLS is an extremely useful tool to obtain dynamical information. For long-lived excited states, however, the coherent component of the light-scattering spectrum is overwhelmed by fluorescence. Hence, for a RLS study of J-aggregates the conditions seem to be ideal: the low-temperature fluorescence lifetime is 70 ps for the red site and the emission spectrum is dominated by emission at the excitonic origin. We further note that the resonance Raman yield was found to be independent of temperature up to the highest temperature ( 100 K) of our measurements. Fig. 4 shows a typical RLS spectrum of the red J-aggregate at 91 K with the laser detuned 30 cm-' from the top on the red side of the absorption maximum. Under these conditions, an intense dephasing-induced emission (DIE) at the origin is observed. Note that this emission is at the blue side of the laser line and that the emission spectrum completely tracks the inhomogeneous profile of the J-band at this temperature. Below 35 K, the line shape of the DIE starts to deviate from the absorption line shape. When the red tail of the emission spectrum is "blown up", the top spectrum in the insert is obtained, it shows sharp lines due to Raman scattering and broad lines due to dephasing-induced fluorescence. The underlying broad emission in this spectrum is due to the tail of the very intense emission at the origin. Line-shape simulations of the vibronic transition show that its line width is above 80 cm-' compared to 30 cm-' for the origin. The dif- ference is, most likely, caused by the fact that in the vibronic transition all occupied k-states in the exciton band contribute to emission. At the origin, emission originating from only the k= 1 level in the exciton band is observed. The lower spectrum in the insert is the RLS spectrum obtained for the same detuning but at 1.5 K. At this temperature, only Raman scattering is present, which confirms the nature of the resonant emission observed at higher temperature as being caused by dephasing and not, for instance, by absorption of light from second-harmonic generation. Especially noteworthy is the fact that in the RLS spectra at the lowest temperature ( 1.5 K), dephasing-induced emission at the origin is completely absent. This implies that exciton-phonon scattering at low temperature does not contribute to the coherence decay of the exciton. The absence of pure dephasing processes at low temperature is relevant regarding the clarification of the earlier-noted [ lo] discrepancy between the low-temperature photon echo decay (biexponential with decay constants of 9 ps (0.7 weight) and 33 ps (0.3 weight) ) and the fluorescence decay of 70 ps. The RLS experiments show that this discrepancy cannot be due to a hereto unknown dynamical effect. We have recently proposed [ lo] that the discrepancy is caused by static disorder present in the system. Spano and Mukamel [ 141 have shown that local inhomogeneities in the chain cause a transfer of oscillator strength from the optically allowed level to other energetically nearby k-states. It is this spread of oscillator strength over adjacent k-states that is measured in the low-temperature ( 1.5 K) hole-burning experiment. In a photon echo experiment the decay of the coherently excited superposition of these k-states is measured. Fluorescence lifetime measurements probe the incoherenr decay of these optically allowed k-states in the case that these states are incoherently excited via relaxation from higher states, as occurs in our experiments.
Finally, fig. 5 shows a plot of the ratio between the yields of the fluorescence and Raman intensities in the RLS spectrum as a function of temperature. The solid line through the data points presents the function 2cT,/Tt, where Tt( T) is taken from the photon echo and T, (T) from the fluorescence lifetime measurements. An excellent fit is obtained for c=O.34. We note that this fit provides independent evidence for the presence of a low-frequency phonon of about 10 cm-'. A phonon of 27 cm-', as suggested by Hirschmann and Friedrich [ 15 ] for the aggregate of PIC iodide, would lead to a much lower fluorescence yield in the low-temperature range. As stated above, Markovian theory predicts R, to be 2T,/T; and independent of frequency detuning. Using a simple non-Markovian model to describe resonance light scattering [28-301, the ratio RnM becomes dependent on the frequency detuning: RnM = R,/ [ 1 + (2x&)%,2 1, where 6 is the frequency detuning and r, the correlation time of the bath. When this model is used, we calculate from the data presented in fig. 5 that rc z 0.25 ps. A thorough theoretical analysis of Raman scattering of excitonic systems is needed to substantiate our conclusion regarding the bath dynamics. However, these preliminary RLS experiments on the J-aggregates clearly demonstrate the potential of this technique to yield information on exciton dynamics [ 
